This paper explores the similarities and differences between bicycle and motorcycle crashes with other motor vehicles. If similar treatments can be effective for both bicycle and motorcycle crashes, then greater benefits in terms crash costs saved may be possible for the same investment in treatments. To reduce the biases associated with under-reporting of these crashes to police, property damage and minor injury crashes were excluded. The most common crash type for both bicycles (31.1%) and motorcycles (24.5%) was intersection from adjacent approaches. Drivers of other vehicles were coded most at fault in the majority of two-unit bicycle (57.0%) and motorcycle crashes (62.7%). The crash types, patterns of fault and factors affecting fault were generally similar for bicycle and motorcycle crashes. This confirms the need to combat the factors contributing to failure of other drivers to yield right of way to two-wheelers, and suggest that some of these actions should prove beneficial to the safety of both motorized and non-motorized two-wheelers. In contrast, child bicyclists were more often at fault, particularly in crashes involving a vehicle leaving the driveway or footpath. The greater reporting of violations by riders and drivers in motorcycle crashes also deserves further investigation.
Introduction
Bicyclists, motorcyclists and pedestrians are often referred to as vulnerable road users in the road safety literature because the likelihood that they will be seriously injured if a collision occurs is higher than for motor vehicle occupants. Vulnerable road users comprise the majority of traffic fatalities in most low and middle-income countries (Naci et al., 2009 ) and in 2010 accounted for about a quarter to a half of traffic fatalities in high income countries such as the United States (28.6%) (NHTSA, 2012) , Australia (32.0%) (DIT, 2012b) and Great Britain (49.7%) (DFT, 2012) . In these three countries, motorcyclists and pedestrians make up the bulk of vulnerable road user fatalities, with pedal cyclists comprising only 3-6% of fatalities. However, pedal cyclists represent between a quarter (US) (NHTSA, 2012) and a third (Australia) (Henley and Harrison, 2012) of all vulnerable road users with non-fatal traffic injuries.
There are many similarities among the three groups of vulnerable road users as well as real differences. All three modes serve as both recreation and transport, have poor data and similar contributing factors to injury. In addition, most adult pedestrians, pedal cyclists and motorcyclists are also car drivers for whom walking, cycling or motorcycling is not their main mode of transport.
In common with pedestrians, injuries to bicycle and motorcycle riders result in higher injury costs (Hitchens and Palmer, 2012 ) than injuries to car occupants. The vulnerability of bicycle riders is particularly evident in crashes with motor vehicles. For bicyclists, only 6 to 8% of Emergency Department presentations result from collisions with vehicles (Scott et al., 2005) compared with at least 22% of hospital admissions for on-road crashes (Henley and Harrison, 2012) and more than 80% of on-road fatalities (DIT, 2012a) . The higher travel speeds of motorcycles mean that they are vulnerable in single-vehicle crashes as well as in collisions with motor vehicles. Thus, while 80% of Australian on-road bicycle fatalities involved motor vehicles, only 58% of on-road motorcycle rider fatalities involved other motor vehicles (DIT, 2012a) . In a German study, Otte et al. (2012) compared injury outcomes in multi-vehicle crashes involving pedestrians, pedal cyclists and motorized two-wheelers. Overall, pedestrians were the most severely injured, followed by motorized two-wheelers then bicyclists. The lower injury severity of bicyclists was related to the lower speed of the collision partner, compared to pedestrian crashes. They comment that the higher speeds of the motorcyclists contributed to the severity of their injuries.
Bicycle and motorcycle crashes have generally been analyzed in isolation, but it is expected that similar factors may be important for both types of crashes because both are minority road users in comparison with dual track vehicles, physically smaller, less visible, lack physical protection, are less stable, and more affected by road surface irregularities. The limited conspicuity of bicycles and motorcycles and consequently drivers failing to see them or giveway to them have been identified as contributing factors in many studies (e.g., Haque et al., 2012; Horswill et al., 2005; Pai, 2011b; Pai et al., 2009) , which implies that there might be similarities between bicycle and motorcycle crashes, particularly at give-way situations. Other authors have suggested that drivers' perception of motorcycles as less threatening than other large vehicles may also contribute to them failing to give way (see Pai, 2011a) . Since bicycles are physically smaller and have limited conspicuity, these factors could be true for bicycles as well.
Poor availability of data is a problem for understanding both bicycle and motorcycle crashes. The numerators of crash risk (numbers of persons in crashes or injured) are substantially under-reported for bicyclists and motorcyclists. US and European studies indicate that only 11% (Stutts et al., 1990) to 13% (Veisten et al., 2007) of bicycle crashes are recorded in police statistics and the data are skewed to serious injury crashes and those that involve motor vehicles (Stutts et al., 1990) . US, European and Australian comparisons show about twice as many hospitalized motorcyclists in health data as in police data (Henley and Harrison, 2012; NCIPC, 2012; NHTSA, 2012) . The extent of under-reporting is greater in less serious bicycle crashes in many countries (see ITF, 2012) . The denominators used in risk calculations often relate to per head of population, per license or registration or per distance travelled. Distance travelled appears to be conceptually a better denominator, but the availability of this data for motorcycles is patchy at best and its accuracy is sometimes disputed (see Haworth, 2003) . Data regarding the distances travelled by bicyclists and pedestrians, and the extent to which this travel occurs on roadways, are very sparse (Aultman-Hall et al., 2012) .
The aim of this paper is to explore the similarities and differences between bicycle and motorcycle crashes with other motor vehicles in order to assess the extent to which similar treatments may be effective for both bicycle and motorcycle crashes. If so, greater benefits in terms crash costs saved may be possible for the same investment in treatments. The comparisons focus on two-unit crashes of higher severity levels, given that single-vehicle crashes are less likely to be similar because of the much higher travels speeds of motorcycles than bicycles, and crashes of lower severity levels are prone to greater under-reporting, as discussed earlier. This paper proceeds to outline the four-stage methodological approach involving crash data filtering, descriptive analyses of crash and controller characteristics, modeling probabilities of bicycle and motorcycle crashes, and modeling at-fault characteristics of riders and drivers using regression models. Results from the descriptive analyses and regression models are then presented, followed by a discussion of the findings and their implications in developing targeted countermeasures. Limitations and conclusions of the research are finally presented.
Method

Setting
This research was conducted in the State of Queensland, Australia. Queensland has 4.3 million inhabitants and a climate that varies from sub-tropical to tropical, allowing yearround bicycle and motorcycle riding. A recent national population survey estimated that about 26% of the Queensland population rode a bicycle in the previous month (ABC, 2012) . However, in the 2011 Australian Census, only 1.2% of Brisbane residents travelled to work by bicycle (ABS, 2012). There were 162,000 motorcycles registered in Queensland at 30 June 2011, comprising 3.7% of registered vehicles (TMR, 2012) . Most urban roads have signed 60 km/h speed limits. Vehicles drive on the left side of the road and cycling on the footpath is legal for riders of all ages unless there are signs prohibiting riding.
Study approach
A comprehensive comparison of bicycle and motorcycle crashes requires understanding the similarities and differences between them in terms of 1) characteristics of crashes, 2) characteristics of controllers involved, and 3) involvement of controllers as the at-fault party.
The first component provides insights into where and how the crashes occurred; the second describes who were involved in the crashes; whereas the third can suggest potential targets for safety measures based on enforcement or education.
To understand the similarities and differences, a four-stage analysis approach is undertaken in this study. In the first stage, police-reported crash data are filtered to select the crashes involving a bicycle or a motorcycle and a motor vehicle. The resulting data set is then further carefully examined to check its reliability, i.e., finding missing or unknown data fields, correlations among data groups, and any seemingly unusual high or low crash numbers. The second stage involves descriptive analyses of the selected dataset to understand the general characteristics of crashes and controllers involved. Frequencies of crashes for different characteristics of controllers (e.g., gender, age, license status), crashes (e.g., crash type, time of crash), and roadway features (e.g., road type, traffic control type, speed limits) are analyzed. In the third stage, a regression model is developed. Conditional on there having been a two-unit two-wheeler crash, it models the probability that it is a motorcycle rider who was involved rather than a bicycle rider. The probability values are estimated for different characteristics of crashes, roadways, riders, and drivers involved. The final stage involves examining the at-fault characteristics of bicyclists and motorcyclists using regression models. A substantial amount of research has examined fault in multi-vehicle bicycle and motorcycle crashes, with the general finding that the other driver is more often at fault than the twowheeler (e.g., ACEM, 2008; Haque et al., 2009; Hurt et al., 1981) but none has compared the patterns of fault in bicyclist and motorcyclist crashes.
Crash severities were not compared in this study, because only the more severe crashes were included in the analyzed dataset. Thus any differences in the overall severity patterns could not be detected. From a practical point of view, all of the crashes included in the data set are sufficiently severe to be legitimate targets for treatment.
Data
A dataset of police-reported crashes involving a bicycle (n=4015) or a motorcycle (n=8978) from 1 January 2005 to 31 December 2009 in Queensland was supplied by the state department of Transport and Main Roads. Crashes that occur on private roads or on public paths that are not within the road reserve (e.g., off-road bicycle paths through public parks) are excluded from the official records. Of the reported crashes, 3698 two-unit crashes involved a bicycle and 5370 involved a motorcycle. A two-unit crash is one which involves two controllers, e.g., a two-wheeler and a car. Pedestrians are not counted as units in the dataset. Crashes involving more than two units (n=488) were omitted from the dataset to keep the analysis focus on two-unit crashes. Furthermore, two-unit crashes involving one bicycle and one motorcycle (n=35) were excluded to simplify the analyses. After crashes where the outcome was reported as minor injury or property damage were excluded, the final dataset contained 6761 two-vehicle crashes: 2790 involving a bicycle and a motorized vehicle (car, bus, truck, utility or panel van) and 3971 involving a motorcycle and another motorized vehicle, where the maximum level of severity of injury to anyone in the crash was coded as fatality, hospitalization or medical treatment. The unit judged by police to be most at fault was labeled "Unit 1".
There were substantial levels of missing data for some variables of interest. Helmet use was coded as unknown for 10.6% of bicycle riders and 9.0% of motorcyclists. Seat belt use was coded only for injured drivers, so it was not available for 97.8% of drivers in the bicycle crashes and 92.4% in the motorcycle crashes. License status was unknown for 10.8% of drivers in bicycle crashes and 7.0% of drivers in motorcycle crashes. License status was unknown for 3.2% of motorcycle riders in crashes and was not recorded for bicycle riders.
Gender and age were unknown for less than 0.5% of bicyclists and motorcyclists. However, driver gender and age were recorded as "Not applicable" in the 1.4% of bicycle crashes and 1.5% of motorcycle crashes where there was no controller present at the time of the crash (e.g., a parked car with no driver present). In these crashes, the bicycle or motorcycle rider was coded as most at fault. Gender was coded as "unknown" for 5.3% of drivers in bicycle crashes and 2.8% of drivers in motorcycle crashes. Age was coded as "unknown" for 8.5% of drivers in bicycle crashes and 3.6% of drivers in motorcycle crashes. Driver gender or age was more commonly unknown when the driver was most at fault. This is consistent with some of the crashes being reported to the police at a later time in order to facilitate third-party injury insurance claims against the driver at fault. Alcohol/drug involvement was coded if the controller was attributed with the contributing circumstances "Violation -Over prescribed concentration of alcohol", "Condition -Under influence of liquor or drug", or "Violation -Tested for drugs only". There is no "ViolationOver prescribed concentration of alcohol" for bicycle riders and riders are often not tested, so alcohol/drug involvement may be underestimated for bicycle riders. Unfortunately, the official records show only whether alcohol/drug was present with no distinction made between "no alcohol/drug" and "unknown", so there is no clear indication of the extent of missing data for this variable.
None of the high risk behaviors automatically led to the controller being coded as at fault. Among motorcyclists where alcohol/drug involvement was coded as a contributing factor, 76.6% were at fault. The corresponding proportions of being at fault for speeding, helmet non-use, unlicensed riding were 80.4%, 90.9%, and 70.9%, respectively. Among bicyclists, the proportions at fault when alcohol/drug involved and helmet non-use were identified were 80.6% and 82.9%. For other drivers, 74.8% of those with alcohol/drug involved, 66.2% of those unlicensed and 76.9% of those speeding were coded as at fault.
Given that previous research have shown that high risk behaviors co-occur in motorcycle crashes (FORS, 1997 (FORS, , 1999 NHTSA, 2008) in the US (Hurt et al., 1981) and Australia (Haworth et al., 1997) , both on the part of the rider and the other driver (Schneider et al., 2012) , analyses of their associations were undertaken. All of the high risk behaviors were found to be significantly related. Significant associations were detected between helmet nonuse and alcohol/drug involvement for both motorcycle and bicycle riders (motorcycle:
2 (1) = 125.8, p < 0.001; bicycle:
2 (1) = 31.25, p < 0.001). Helmet non-use was associated with both speeding and unlicensed riding for motorcycle riders (speeding:
2 (1) = 7.4, p < 0.01; unlicensed riding:
2 (1) = 247.9, p < 0.001). Speeding was associated with unlicensed riding by motorcyclists ( 2 (1) = 61.7, p < 0.001). For motorcycle riders and other vehicle drivers, alcohol/drug involvement was associated with speeding (motorcycle:
2 (1) = 87.1, p < 0.001; other drivers:
2 (1) = 11.2, p = 0.001) and with unlicensed riding (motorcycle: 2 (1) = 154.2, p < 0.001; other drivers:
2 (1) = 40.4, p < 0.001). Speeding was also associated with unlicensed driving by other drivers ( 2 (1) = 41.3, p < 0.001). Schneider et al. (2012) note that the inter-relationship between high risk behaviors makes it difficult to untangle their specific effects.
Age group and license status were correlated for drivers, with most of the youngest drivers having learner or provisional licenses. To remove this correlation, license status was recoded to "licensed", "unlicensed" and "unknown".
The original dataset included 20 categories of contributing circumstances with up to six contributing circumstances noted for each unit in a crash. For modeling purposes, the analysis in this paper excluded categories which were coded as present for less than 2% of units in crashes. The contributing circumstances that remained were: alcohol/drug, speeding (for motorcycle riders only), fail to give way/stop, disobey traffic sign/light, illegal maneuver, and dangerous driving. Illegal maneuver was coded if the controller was attributed with "Violation -improper overtaking", "Violation -cross double lines", "Violation -fail to signal intention", "Violation -improper turn other than U-turn", "Violation -fail to keep left", "Violation -unsafe lane change", "Violation -improper U-turn", "Violationovertaking stationary vehicle at pedestrian crossing", "Violation -illegally parked" or "Violation -turn in the face of oncoming traffic".
Regression models
As noted in Section 2.2., a regression model was formulated to compare the relative involvement of different factors in bicycle-motor vehicle and motorcycle-motor vehicle crashes. Conditional on there having been a two-wheeler crash, the analysis models the probability that it is a bicyclist who was involved rather than a motorcyclist (or conversely -it is symmetrical). As explained earlier in Section 2.3, crashes involving both types of twowheelers were omitted from the analysis because of relatively low number of these crashes. The remaining two outcomes can be well formulated as a binary logistic model by using the binary outcomes motorcycle crash (= 1) and bicycle crash (= 0) as the response variable. A set of explanatory variables describing the characteristics of crashes, riders, and drivers (see Table 3 ) which were assumed to be associated with the likelihood of crashes involving motorcycles and bicycles was included in the model.
The influence of the explanatory variables on the at-fault status of riders and drivers was examined by formulating separate models for bicycle and motorcycle crashes. By using the binary outcomes rider-at-fault (= 1) and rider-not-at-fault (= 0) as response variables in corresponding models of bicycle and motorcycle crashes, the models were formulated as binary logistic models. Separate models for bicycle and motorcycle riders were necessary because some of the explanatory variables (e.g., license status of rider, speeding rider) were not available or relevant in both sets of crashes.
To select the explanatory variables to be included in the models, each variable was carefully examined for different observation groups (e.g., bicycle crashes) and its association with being at-fault. Given the low numbers of motor vehicle drivers for whom speeding was coded as a contributing circumstance (0.3% in bicycle crashes, 0.4% in motorcycle crashes), other driver speeding was not included in the models. Since no bicycle riders were coded as speeding, rider speeding was excluded from the crash and the bicycle-at-fault models. Similarly, since license status of all bicycle riders was reported as Not Applicable, rider license status was excluded from these two models.
Dangerous driving as a contributing circumstance predicted being at-fault perfectly for riders and drivers and so was excluded from the at-fault models. Circumstances where a bicycle rider failed to give way/stop or a driver disobeyed traffic light/sign at the time of crash also predicted fault perfectly in bicycle crashes, and thus were not included in the bicycle-at-fault model.
The contributing circumstances "other driver conditions" and "other circumstances" covered a wide variety of individual circumstances, some of which were already included as crash characteristics (e.g., wet road), and therefore these variables were excluded from all models.
In all models, to identify the subset of explanatory variables which yield the best fitted model, a backward elimination procedure was employed to eliminate the non-significant variables one by one so that the Akaike Information Criteria (AIC) was minimized. Significance of the explanatory variables was examined by using the z-test. To evaluate if the models have sufficient explanatory power, likelihood ratio statistics ( 2 ) were computed.
Results
Descriptive statistics
The characteristics of the 6761 two-wheeler crashes are summarized in Tables 1 and 2 . Riders were more likely to be male (79.1% bicycle, 89.3% motorcycle) than the drivers in these crashes (57.6% drivers in bicycle crashes, 59.4% drivers in motorcycle crashes). Almost a quarter (22.6%) of the bicycle riders were children. About 10-13% of motorcycle riders and drivers were novices (learner, provisional or restricted licenses). Almost 8% of motorcycle riders were unlicensed.
Drivers of other vehicles were coded most at fault in the majority of bicycle (57.0%) and motorcycle crashes (62.7%). Helmet wearing rates were lower for bicycle riders than motorcycle riders (79.1% versus 89.5%). Alcohol or drug involvement was highest among motorcycle riders (4.0%), although the extent of missing data could not be identified. Motorcycle riders were also more involved in speeding (5.0%) than others. Drivers of other vehicles failed to give way/stop at the time of crash more often than bicycle riders (26.2% versus 5.8%) and motorcycle riders (25.6% versus 3.3%). A similar trend was observed for drivers performing an illegal maneuver during bicycle (10.4% versus 3.7%) and motorcycle crashes (25.0% versus 10.0%).
Almost 80% of other vehicles in bicycle and motorcycle crashes were cars. About 20% of crashes occurred on weekends and 16-18% happened at night. More than half of the bicycle and motorcycle crashes occurred at intersections and more than 60% of crashes occurred on roads with a 60 km/h speed limit. Bicycle crashes occurred more often (30% in comparison with 18.6% of motorcycle crashes) on roads with 50 km/h or less speed limits. The most common crash type was intersection from adjacent approaches (31.1% bicycle crashes, 24.5% motorcycle crashes) among which the most common types were right turn (34.3% bicycle crashes, 57.1% motorcycle crashes), right angle (27.6% bicycle crashes, 31.8% motorcycle crashes), and left turn (23.3% bicycle crashes, 9.4% motorcycle crashes).
Regression model results
The parameters of the formulated models were derived using the maximum likelihood estimation method in the software STATA 11.2. The parameter estimates, odds ratios (O.R.), and their statistical significance, are presented in Table 3 . The AIC values of the best-fitted crash-type-comparison-model, bicycle-at-fault-model, and motorcycle-at-fault-model are 6780.6, 1605.9, and 1689.7 respectively. The corresponding likelihood ratio statistics are 2500.8 (57 df), 2300.6 (46 df), and 3652 (47 df). The values are well above the corresponding critical values for significance at the 1% significance level, implying that the models have sufficient explanatory power. The significant variables of the models are discussed in the subsequent sections.
Results from crash type comparison model
The regression model comparing motorcycle and bicycle crashes found a significant time trend in which the number of motorcycle crashes dropped relative to bicycle crashes (beta = -0.004) over the five-year period (see Table 3 ). In terms of crash characteristics, motorcycle crashes were more likely than bicycle crashes to occur at "other intersections" relative to mid-block locations (O.R. = 1.9) and at stop signs relative to locations with no traffic control (O.R. = 1.5), many of which were mid-block locations. Not surprisingly, motorcycle crashes were less likely (18% lower odds) than bicycle crashes to occur in speed zones of 50 km/h or less and more likely to occur in speed zones of 80-90 km/h (122% increase in odds) and 100-110 km/h (259% increase in odds) compared to 60 km/h speed zones. The odds of motorcycle crashes occurring in darkness with street lighting were 22% higher than those of bicycle crashes and were 32% lower to occur in dawn/dusk. Motorcycle crashes were more likely (O.R. = 2.1) to occur on curves where the view was obstructed (but not where the view was open) than bicycle crashes (relative to straight road sections). Motorcycle crashes were more likely to occur on crests (52% higher odds) and less likely to occur on dips (52% lower odds) and grades (29% lower odds) than bicycle crashes (relative to level road sections). Relative to crashes at intersections from adjacent approaches, motorcycle crashes were more likely than bicycle crashes to be head on ( In terms of rider characteristics, motorcycle riders in crashes were less likely than bicycle riders to be female (56% lower odds), or to be aged 0-15 years (95% lower odds) or over 50 years (35% lower odds), but were more likely (48% higher odds) to be aged 21-24 years (relative to 25-39 years of age). Motorcycle riders were less likely than bicycle riders to not be wearing a helmet (82% lower odds) or for helmet status to be unknown (23% lower odds). Motorcycle riders were more likely to violate road rules than bicycle riders. While motorcycle riders had about twice the odds of bicycle riders to be influenced by alcohol/drug, fail to give way/stop, and disobey traffic light/sign, their odds were much higher when illegal maneuver (5.9 times) or dangerous driving were recorded (27.3 times).
The other drivers were more likely to be female (17% higher odds) or of unknown gender (277% higher odds) or 60 years and older (21% higher odds) in motorcycle compared to bicycle crashes. The other drivers in motorcycle crashes were also more likely to fail to give way (O.R. = 3.1), disobey traffic light/sign (O.R. = 6.4), perform an illegal maneuver (O.R. = 4.7) or be charged with dangerous driving (O.R. = 2.7) than in bicycle crashes.
Results from at fault models
Time of day, day of week and wet or dry road surface did not affect the likelihood of the rider being at fault in either the bicycle or the motorcycle model. For both bicycle and motorcycle crashes, the odds of riders being at fault at roundabouts were about half those at mid-block locations. Crashes at traffic lights were less likely to be the fault of the bicycle (O.R. = 0.27) or motorcycle (O.R. = 0.43) rider than crashes at locations with no traffic control (which were mostly mid-block). Compared with locations with no traffic control, motorcycle riders were less likely to be at fault at give-way and stop signs with corresponding 45% and 83% reductions in odds.
Speed limit did not affect the likelihood of the motorcycle rider being considered at fault, but bicycle riders had 53% lower odds to be at fault in 70 km/h zones than in 60 km/h zones. Conversely, the odds of motorcycle riders to be at fault in crashes at dawn/dusk were 2.3 times those in daylight, but this was not true for bicycle riders. Horizontal alignment did not affect likelihood of the rider being at fault in either bicycle or motorcycle crashes, but bicycle riders were less likely (78% lower odds) to be at fault in crashes occurring on crests than those on a level road.
Bicycle riders were less likely to be at fault in most types of crashes that did not occur at intersections with vehicles from adjacent approaches (with the exception of vehicle leaving from driveway where they had 105% higher odds to be at fault and head on where there was no significant difference). Motorcycle riders were less likely to be at fault when there were opposing vehicles turning (66% lower odds) and where there were lane changes (72% lower odds) than at intersections with vehicles from adjacent approaches. Drivers of utilities and panel vans were more likely to be at fault (compared to car drivers) in bicycle crashes with corresponding increase in odds by 95.4%.
The effects of the characteristics of bicycle and motorcycle riders on at fault status were also examined in the models. The odds of male motorcycle riders to be at fault were 1.8 times the odds for females, but this was not true for bicycle riders. All of the younger age groups were more likely to be at fault than bicycle riders aged 25-39 years, as were riders aged 50 and over and riders whose age was unknown. Interestingly, riders aged below 15 years, who are relatively inexperienced on roads, had the highest odds ratios (8.43) of being at fault and the odds ratios showed a decreasing trend with increase in rider age. The only effect of age on at fault status for motorcycle riders was that riders aged 16-20 years were more likely (O.R. = 2.06) to be at fault than riders aged 25-39 years.
Riders not wearing helmets were significantly more likely to be at fault in both bicycle (310% higher odds) and motorcycle (766% higher odds) crashes, and riders whose helmet status was unknown were more likely to be at fault in bicycle crashes (56% higher odds). Unlicensed motorcycle riders were more likely to be at fault than licensed riders with an increase in odds by 174%. Not surprisingly, the likelihood of the rider being coded at fault was greater where alcohol/drug involvement (bicycle: O.R. Regarding other driver characteristics, bicycle riders were more likely (46% higher odds) to be considered at fault when the other driver was female. Motorcycle riders were less likely (55% lower odds) to be at fault when the other driver was aged 16-20 years (relative to 40-59 years). Both bicycle and motorcycle riders were less likely to be at fault when the age of the other driver was unknown and bicycle riders were more likely to be at fault when the gender of the other driver was unknown. This probably reflects crashes where the driver of the other vehicle was not present.
License status of the other driver had no significant effect on fault status in bicycle or motorcycle crashes. The likelihood of the bicycle or motorcycle rider being coded at fault was lower where the other driver was recorded as being alcohol/drug influenced (bicycle: 73% lower odds; motorcycle: 88% lower odds), failing to give way/stop (99.6% lower odds for both), performing an illegal maneuver (99% lower odds for both), disobeying traffic light/sign (bicycle: all observations associated with rider not at fault; motorcycle: 99.7% lower odds) or charged with dangerous driving (all observations associated with rider not at fault).
Given that 22.6% of the bicycle riders in crashes were aged 0-15 years and their odds of being at fault were eight times higher than for riders aged 25-39 years, further analyses of these crashes were undertaken to better identify countermeasures relevant to this group. Of the 630 child bicyclist crashes, the most commonly coded crash types were 'vehicle leaving driveway' (n=255) and 'intersection from adjacent approaches' (n=186). The children were coded as at fault in about 90% of both of these types of crashes, while the at fault rate was much lower for adult bicyclists. Of the 'vehicle leaving driveway' crashes, 214 involved a controller (presumably a cyclist) riding out from the footpath and colliding with a vehicle travelling along the road. There were no traffic controls at the location of about 50% of the crashes at intersections from adjacent approaches. Most of the child cyclist crashes occurred during the day on 0-60 km/h speed limit roads.
Since intersection from adjacent approaches was the most common type of crash and drivers failed to give way in about a quarter of these crashes, further analyses were undertaken to explore the crash scenarios where drivers failed to give way. The proportion of drivers failing to give way was highest at roundabouts (58.2%) and locations with give-way (68.8%) or stop signs (66.5%). The corresponding proportion at signalized intersections was as little as 2%. In general, drivers were more likely to fail to give way to motorcyclists than to bicyclists. Drivers were most likely to fail to give way in 'intersection from adjacent approaches' crashes (bicycle crashes: 55.6% of drivers, motorcycle crashes: 75.3% of drivers) and in 'vehicle leaving driveway' crashes with motorcycles (74.9% of driver, but not bicycles: 17.1% of drivers). Among the former type of crashes, the corresponding proportions of drivers failing to give way in bicycle and motorcycle crashes were correspondingly 63.3% and 75.2% (right angle crashes), 61.1% and 78.6% (right turn crashes), and 66% and 48.9% (left turn crashes). The right angle crashes commonly occurred at cross intersections, whereas the turning crashes tended to occur at T intersections.
Drivers performed illegal maneuvers mostly in crashes at intersections with no traffic control (bicycle crashes: 74.4%, motorcycle crashes: 76.5%) and operating traffic lights (bicycle crashes: 18.6%, motorcycle crashes: 21.4%). The highest proportions of drivers performing illegal maneuvers were found in turning related crashes: 'opposing vehicle turning' (bicycle crashes: 69.4%, motorcycle crashes: 68%), and 'parallel lanes turning' (bicycle crashes: 20.8%, motorcycle crashes: 51.4%). Motorcycle crashes involving lane changes also contributed 55.4% of cases of drivers performing illegal maneuvers.
Discussion
This paper explored the degree of similarity of two-unit bicycle and motorcycle crashes to assess whether the same treatments might be effective for both types of crashes. The analyses revealed general similarities in the road characteristics and crash types, with intersection from adjacent approaches being the most common crash type for both bicycles and motorcycles. Consistent with earlier research (ACEM, 2008; Comelli et al., 2008; Haque et al., 2009; Hurt et al., 1981; Johnston et al., 2008; Räsänen and Summala, 1998; Wells et al., 2004) , drivers of other vehicles were coded most at fault in the majority of bicycle (57.0%) and motorcycle crashes (62.7%). This implies that two-wheeler safety improvement treatments need to focus not only on riders but also on drivers. The successive paragraphs discuss the common driver actions that led to being at fault in bicycle and motorcycle crashes: failure to give way and illegal maneuvers.
The results of this study support earlier research showing that a very large proportion of multi-vehicle bicycle (Räsänen and Summala, 1998) and motorcycle crashes involve right-ofway violations by other vehicles (ACEM, 2008; Comelli et al., 2008; Hurt et al., 1981; Johnston et al., 2008; Wells et al., 2004) . Many of these crashes fall into the category of 'looked but failed to see' (LBFTS) or 'sorry mate I didn't see you' (SMIDSY) crashes (Broughton and Walker, 2009; Brown, 2005) .
Driver failure to see two-wheelers, difficulty in determining motorcycle speeds, and reduced conspicuity of two-wheelers have been identified as important causes of 'failure to give way' type crashes in many studies (e.g., Haque et al., 2012; Horswill et al., 2005; Pai, 2011b; Pai et al., 2009) . While driver attention is important, improving conspicuity of riders by using illuminated lights, wearing reflective clothing, and using retro-reflective marking on helmets and two-wheelers could potentially improve rider safety. Limited conspicuity of twowheelers, particularly bicycles, is a more serious issue at night (Wood et al., 2009) . Smaller size and less intensity of bicycle lights could explain why drivers failed to give way to bicyclists more often at night than motorcyclists. Increasing the conspicuity of riders and two-wheelers to improve safety has been recommended in a number of studies (Haque et al., 2012; Pai et al., 2009; Thornley et al., 2008; Wood et al., 2009; Yuan, 2000) . In addition to headlight (static or blinking), reflective vest, and reflective markings on two-wheelers, researchers (Wood et al., 2012) have suggested use of ankle and knee reflectors for bicyclists. Enforcement of mandatory bicycle lights at night by imposing fines, as practised in the Netherlands (Wegman and Aarts, 2006) , could discourage bicycle riding at night without lights. Introducing minimum requirements for lights and reflective elements of bicycles and motorcycles could further encourage conspicuous riding and improve uniformity in conspicuity of particular type of two-wheelers so that drivers perceive them correctly.
The effectiveness of the conspicuity improvement treatments has been the subject of considerable research. Mandatory use of daytime motorcycle headlights was found effective in reducing motorcycle crashes (Elvik et al., 2009; Yuan, 2000) . However, night-time conspicuity improvement treatments, such as retro-reflective vests and markers, were found to produce mixed findings for motorcycles, as identified in Haque et al. (2012) . For bicycles, on the other hand, use of reflective vests and markers (Thornley et al., 2008; Wood et al., 2009 ) and ankle and knee reflectors (Wood et al., 2012) were found to be generally effective. Bicycle lights were also found to reduce crashes by increasing their visibility during daylight and twilight periods, but no such effects seen for night time (Madsen et al., 2013) . However, effectiveness of bicycle lights in enhancing conspicuity was found to be over-estimated by bicyclists compared to drivers (Wood et al., 2009) . A systematic review of randomized controlled trials (Kwan and Mapstone, 2004) concluded that bicycle visibility aids influence drivers' reaction, detection, and recognition; however, their effects on cyclist crashes were considered to be unknown.
The majority of the crashes where the driver failed to give way occurred at intersections with two-wheelers from adjacent approaches or when a vehicle was leaving a driveway. Often vehicles leave driveways in the reverse direction and the presence of parked vehicles along roads could restrict drivers' sight distance and therefore contribute to the failure to see and give way to oncoming riders.
Signalized intersections have shown better performance in reducing driver failure to give way crashes in comparison with uncontrolled, give-way, and stop controlled intersections. While traffic lights should reduce such failure to give way cases, signalization of most intersections could be economically infeasible.
Drivers performed illegal maneuvers mostly in turning and lane changes crashes at intersections with no traffic control and traffic lights. Motorists violating right of way of motorcycles (i.e., performing illegal maneuver) has been found as contributing factor of motorcycle crashes in many studies (see Pai, 2011a for a discussion). The likely causes identified were the reduced conspicuity of motorcycles and the perception that approaching motorcycles are less threatening than large vehicles. While improving conspicuity could make motorcycles better visible to drivers, driver awareness of violating right of way and its potential consequences is important. Separating motorcycles from other traffic has been found to be effective in reducing motorcycle crashes in Malaysia (Radin Sohadi et al., 2000) . Separation of bicycles from other traffic has also been suggested (e.g., Bíl et al., 2010) and is more common than separation of motorcycles. However, Aultman-Hall and Kaltenecker (1999) showed that such separation does not necessarily reduce the number of cycling crashes. Lower speed limits provide a cheaper alternative to the construction of separated two-wheeler paths (Bíl et al., 2010) , but the benefits may be greater for mid-block sections than for intersections.
Intelligent transportation system (ITS) technologies, such as blind zone alert, obstacle detection systems, intelligent speed assistance, in-vehicle driver behavior monitoring etc. could be effective in reducing two-wheeler crashes (Pai, 2011a; Steriu, 2012) . However, there has been limited research in developing ITS measures specifically targeted to car-motorcycle and car-bicycle crashes and challenges in market introduction of these measures are the major obstacles to their use. The European Union funded SafeCycle project has been developing ITS technologies for bicycle safety (e.g., avoiding red light running, bicycle detection by cars, blind spot signaling for trucks), but these are not yet widely known or used (Steriu, 2012) .
Similarities in driver and rider exposure patterns (e.g., young males drive/ride more at night than others, reduced riding during rain) could underpin some of the similarities in crash involvement characteristics. Conversely, some differences in driver and rider exposure patterns (e.g. more recreational bicycle riding during dawn and dusk) might lead to differences in crash involvement characteristics. However, lack of exposure data restricts the ability of this study to analyze such relationships. Nevertheless, it can be seen that the differences between bicycle and motorcycle crashes identified by the crash-type-comparisonmodel related largely to differences in usage patterns (fewer bicycle crashes in high speed zones, more in low speed zones, and fewer in darkness with street lighting) and travel speeds (more motorcycle crashes on curves where the view was obstructed and on crests; more bicycle crashes on dips and grade sections). More bicycle crashes in low speed zones (0-50 km/h) probably reflect more bicycle usage in the Brisbane city and surrounding areas which are hilly. It could be argued that higher speeds and restricted visibility caused more motorcycle crashes on curves with obstructed views and on crests. Rider awareness of hazards at these locations and installation of signage to warn motorists of restricted view could potentially improve rider safety.
Violations of road rules by both drivers and riders (and consequently being at-fault) were more common in motorcycle than bicycle crashes. This rather surprising finding warrants further investigation. It might reflect more driver failure to see motorcyclists (Haque et al., 2012) and more common failure by motorcyclists to react to drivers because motorcyclists are travelling more quickly than bicycle riders. Alternatively, police may be more likely to identify violations in motorcycle crashes because they perceive that sanctions would be easier to apply to drivers and motorcycle riders than bicycle riders (who do not have the threat of losing their license).
One of the important differences between bicycle and motorcycle crashes is the greater involvement of children in bicycle crashes. Almost a quarter of the bicycle riders were aged under 16, and 80% were at fault in the crash. Similar findings were also found in Ontario, where 79% of bicycle riders aged under 10 and 55% aged 10 to 19 years were at-fault (Rowe et al., 1995) . Analyses showed that child bicyclists are mostly involved in leaving driveway/footpath and 'intersection from adjacent approaches' types of crashes which occurred mainly during daytime and in 0-60 km/h roads. Since children are mostly at fault in these scenarios and adults are generally not, educational approaches such as improving child riding awareness (e.g., education from school or parents) are needed for the children. Structured educational programs like the Bikeability scheme (UK) and Cycling certificates and Great Cycling Exam (Belgium) could improve the skills of children as well as older cyclists (Steriu, 2012) . Furthermore, since the severity levels of these child bicyclist crashes were high, implementing measures to reduce injury severity (e.g., helmet use, lower speed limits or traffic calming measures to reduce travel speeds) could be beneficial for them (as well as adults). It may be more effective to adapt the riding environment to the needs of children, particularly in the low speed areas where children usually access roads from footpaths, rather than attempting to make children behave more like the adults.
Child bicyclists are inexperienced not only with riding but also with the functioning of the road system. In addition, significant numbers of adult cyclists are lacking in (at least recent) cycling experience. A survey of adult Queensland cyclists found that 26% of respondents had only been riding regularly in the last two years (Haworth and Schramm, 2011) . Inexperience has also been shown to be a major factor in motorcycle crashes (Mullin et al., 2000; Rutter and Quine, 1996) . Inexperience appears to contribute to crash risk by means of lower levels of vehicle control skill and lower levels of hazard perception and responding (Bellet and Banet, 2012; Habibovic and Davidsson, 2012; Hosking et al., 2010) , both leading to poorer ability to avoid crashes.
Many of the bicyclist crashes involving children occurred at intersections with no traffic control on roads with speed limits of 60 km/h or less. Arguably, these are areas of low traffic volume (as evidenced by the lack of traffic controls) and therefore the economic value of installing on-road treatments or separated facilities at each of these sites is likely to be low. Therefore, measures that have a more area-wide effect, such as lower speed limits, and potentially rider or driver education, may be more appropriate than intersection improvements. It has been recommended that speed limits on access roads, which are shared by bicycles and motorized traffic, should be set at 30 km/h to minimize the risk of death and serious injury (Steriu, 2012) . Enforcement of the speed limits and supplementing the signs by installing low-cost traffic calming measures were recommended to improve driver compliance with speed limits.
While motorcyclists were more likely to be involved in crashes than bicyclists when under the influence of alcohol or drugs, bicyclists were more likely to be at-fault than motorcyclists under such influence. This may reflect under-reporting of alcohol and drug information for bicycle riders because of a lower likelihood of bicyclists being tested for alcohol or drugs.
A number of findings of the current research which contrast with previous studies may reflect the particular subset of crashes analyzed here. The current study found no effects of weekday/weekend or wet road on the likelihood of it being a bicycle or motorcycle crash or of the rider being at fault. In contrast, Haque et al. (2009) reported that wet roads increased at-fault crash involvement at intersections. However, their analysis included single vehicle crashes which may have shown a greater effect of wet road than the two-unit crashes examined here. The motorcycle riders in the current study are more likely to be at fault than in Schneider et al.'s study (Schneider et al., 2012) . One of the differences between the two studies is that Schneider et al. (2012) included crashes of all severities whereas minor injury and property damage crashes were excluded from the current study. This may have affected the likelihood of riders being at fault, assuming that lower severity crashes would be less likely to be reported if the rider was at fault.
Limitations
The dataset did not include information on some factors which have previously been shown to be significant predictors of at fault status in motorcycle crashes, including seat belt use by the other driver (Schneider et al., 2012) and estimated vehicle speed (Kim et al., 2007) . The lack of data for some of the high-risk behaviors may have prevented identifying relationships between them (as in Schneider et al., 2012) , which may have resulted in effects being attributed to the wrong variable.
While the comparisons were limited to two-unit crashes with an outcome of at least medical treatment to limit the recognized effects of under-reporting of low severity bicycle and motorcycle crashes, it may be that there was more complete reporting of crashes where the other vehicle was at fault than where the two-wheeler was at fault. In addition, the exclusion of property damage only and minor injury crashes precluded any useful analyses of factors influencing the severity of bicycle and motorcycle crashes. It should be noted that some judgments of fault may have been incorrect, because they were made by general police, rather than specialist investigators.
The explanatory variables included in the regression models were limited to those features of the road system that are recorded in Police crash data, including characteristics of crashes, roadway features, riders, and drivers. Broader aspects of the road system, such as details of road design (e.g., turning radius, presence of exclusive turning lanes), training of riders and drivers, and road rules are also likely to affect the likelihood and at-fault characteristics of bicycle and motorcycle crashes. For example, whether bicycles and motorcycles are being used for recreation, rather than transportation, may well affect crash characteristics, but this is not recorded in Police crash data.
Care should be taken in generalizing the effects of helmet use or fault status to other jurisdictions where bicycle or motorcycle helmet wearing is not mandatory or wearing rates are significantly lower. Helmet non-wearing by motorcyclists may be a stronger marker of risk taking in Australia than elsewhere.
Conclusions
The crash types, patterns of fault and factors affecting fault are generally similar for two-unit bicycle and motorcycle crashes. This confirms the need to combat the factors contributing to failure of other drivers to yield right of way to two-wheelers, and suggests that some of these actions should prove beneficial to the safety of both motorized and non-motorized twowheelers. The limited conspicuity of two-wheelers might have resulted in drivers failing to see and yield right of way to two-wheelers, thus highlighting the need of enhancing twowheeler conspicuity. Child bicyclists were over-represented as the at fault party, particularly in crashes involving a vehicle leaving driveway or footpath, potentially indicating the need for rider education and awareness. In general, safety improving treatments need to focus on both drivers and riders. The greater reporting of violations by riders and drivers in motorcycle crashes deserves further investigation, however. 
